1. Ionized calcium, protein-bound calcium and total calcium in serum were measured in patients receiving haemodialysis treatment.
Introduction
Secondary hyperparathyroidism and bone disease in patients with chronic renal failure is a long-term problem which can disable patients and may require parathyroidectomy. Various factors have been postulated which may contribute to this secondary hyperparathyroidism. For example, Fraser & Kodicek (1970) showed that the hydroxylation of 25-hydroxycholecalciferol to 1,25-dihydroxycholecalciferol took place in the kidney.· Incomplete hydroxylation of 25-hydroxycholecalciferol in chronic renal failure reduces the circulating amounts of the 1,25-dihydroxy-derivative, thus rendering intestinal absorption of calcium and mobilization of calcium from bone less effective. Blood calcium concentrations become depressed and the secretion of parathyroid hormone is stimulated. Bricker, Slatopolsky, Reiss & Avioli (1969) demonstrated that the ionized calcium fraction can be depleted by phosphate binding, hyperphosphataemia being a common feature of chronic renal failure. An additional cause of ionized calcium depression and secondary hyperparathyroidism may be the dialysis process itself. This study was carried out to investigate in renal patients the effect of dialysis on serum calcium fractions.
Materials and methods
A study oftwenty-two well-established haemodialysis patients was carried out. Serum calcium fractions were measured in venous blood, collected immediately before the beginning of dialysis and after dialysis had been completed.
A second more detailed study was undertaken in which calcium fractions were measured at intervals during the dialysis of eleven patients. A summary of these patients' clinical status is given in Table 1 . All patients studied were dialysed twice weekly for 14 h, subcutaneous arterio-venous fistulae or external Silastic-Teflon arterio-venous shunts being used. Kiil-type dialysers with Lucas or Dylade proportioning equipment and Avon medical lines were used. The usual volume of blood donated by any 521 Between dialyses, serum calcium fractions were measured in venous blood taken from an arm vein, collected into a glass tube filled to the brim and capped with Parafilm. After centrifugation the Parafilm was pierced with a needle and serum was drawn into a syringe for ultrafiltration. In this way the pH of the serum was maintained.
During dialysis, blood was taken from the medication rubber of the arterial line leading from artery to dialyser. Five 10 ml samples were usually taken at intervals throughout the dialysis period. Ionized calcium was either measured potentiometrically (in six patients) or spectrophotometrically (in five patients). To maintain the blood pH, it was found convenient to cover these specimens with approximately 2 ml of paraffin oil. With this technique, the difference between the pH in vivo and the value at the end of ultrafiltration did not exceed 0·005. A protein-free ultrafiltrate was produced by filtration through a Sartorius membrane filter, 25 mm in diameter with a pore size of 0·01 tim, contained in a stainless-steel filter holder. The filter holder was connected to a 5 ml syringe containing the plasma to be ultrafiltered. A pressure of 345 kPa was delivered to the plunger of the ultrafiltration syringe through a second 20 ml syringe connected to an oxygen cylinder via a reduction valve.
Total serum calcium and total ultrafiltrate calcium were measured with an EEL filter fluorimeter (model 244), an Auto-Technicon Sampler II, with a Watson Marlow Delta pump and Servoscribe Recorder. The method was that of Rushton, Sammons, Gosling & Robinson (1973) , the dye Calcein and disodium EDTA being used.
A value for the proportion of protein-bound calcium was obtained by subtraction of the ultrafilterable calcium from the total serum calcium.
An Orion flow-through calcium electrode (model together with an Orion 701 Digital pHmeter were used to measure ionized calcium (Rushton et al., 1973) . The coefficient of variation was 3%. More recently, ionized calcium was measured in ultrafiltrates by the method of Varghese (1973) . Ultrafiltrates were prepared by the method already described. This method gave a coefficient of variation of 2·4%. The normal range obtained with the potentiometric method was 0·90-1·03 mmoljl, with a mean value of 0·95 mmol/l (thirty-three subjects), and the normal range for the spectrophotometric method was 0·96-1·10 mmol/l, with a mean value of 1·03 mmol/l (seventeen subjects).
A value for calcium in complex was derived by ;:::
Change in ionized calcium with pH for four batches of pooled serum (A-D) with various protein concentrations.
subtraction of the ionized calcium value from the ultrafilterable calcium value. Serum albumin was measured by the automated method of Northam & Widdowson (1967) , with Bromocresol Green. The coefficient of variation was 5·1%. Total protein was measured by the method of Goodwin, Baginski & Zak (1966) , based on the biuret reaction. The normal range for the method was 55-88 gIl. The coefficient of variation was 3'5%.
The method used to determine serum phosphorus was published as an Auto-Technicon method no. N-4b, adapted from the method of Fiske & Subbarrow (1925) . Alkaline phosphatase activity was measured by the L.K.B. Reaction Rate Analyser with biphenyl phosphate as substrate (Bergstrom & Thunblad, 1970) . A Radiometer Blood Gas Analyser type AMElc was used to monitor the pH of all specimens collected.
pH-induced changes in ionized calcium and proteinbound calcium
Because of the metabolic acidosis of chronic renal failure, there is an increased hydrogen ion concentration in the blood of patients awaiting dialysis. The hydrogen ion concentration is reduced during dialysis and the blood pH rises (Fig. 3 ). An attempt has been made to assess the extent to which this change alters the protein-binding of calcium in vitro. This was done in two ways.
(a) Four batches of pooled serum were prepared, each with a different total protein and albumin concentration. The pH of each batch of serum was altered stage by stage by gassing intermittently with O2 +C02 (96:4). The change in ionized 'calcium with pH was measured (Fig. 1) . By calculating the slope of each curve between pH 7·30 and pH 7·50 the mean change in ionized calcium per pH unit was obtained for the four different protein concentrations.
(b) A second way of predicting the changes in protein-bound calcium during dialysis is to use a relationship derived by Moore (1969) :
where B = calcium bound to albumin (mmol/l), A = albumin concentration in serum (gIl) and P = actual pH of patient's blood.
The omission of serum globulins from the calculation is for simplicity, since calcium-globulin complexes only contribute about 10% to the total calcium-protein complex.
A comparison of these two methods of assessing pH-induced changes in protein-bound calcium is shown in Fig. 2 .
Finally serum from two patients with chronic renal failure was adjusted to various pH values in a way identical with that already described for pooled serum. The rates of change of ionized calcium with ., pH obtained with these techniques are shown in Table 2 , together with the total protein and albumin values. All methods of calculating the change in ionized calcium per pH unit gave similar values, as shown in Table 2 . Good correlation was found between Moore's (1969) method of calculating the extent of protein binding due to pH changes, and the method used in the present work with data from studies of pooled serum in vitro; r = 0·86 (Fig. 2) .
Results

Calcium fractions ofpatients be/ore and after dialysis
At the end of dialysis the mean total calcium rose together with the mean protein-bound calcium fraction; but the mean ionized calcium fraction was lower at the end of dialysis (Table 3 ). In this study ionized calcium measurements were made by the potentiometric method.
Calcium fractions during dialysis
Blood samples were taken at intervals during dialysis of eleven patients. The mean changes in calcium fractions with time of dialysis are shown in Fig. 3 ; the mean values of calcium fractions at the beginning and end of dialysis are shown in Table 4 . Of the eleven patients studied, nine showed net reductions in ionized calcium and increases in the protein-bound calcium at the end of dialysis. Two patients (J.F. and A.W.) showed net increases in ionized calcium at the end of dialysis. Both of these patients had total calcium values in excess of 2·70 mmol/l and are therefore shown individually in Fig. 4 . (1) Ionized calcium was measured potentiometrical1y. (1) Ionized calcium was measured potentiometrically in four patients and spectrophotometrically in five patients. 
Discussion
It might be expected that haemodialysis of patients with chronic renal failure would lower the incidence of bone disease because the serum calcium is generally brought back to normal by dialysing against fluid containing 1-4 mmol/I calcium. In this way the ionized calcium concentrations would be raised and the stimulation of the parathyroid gland reduced. However, Pendras (1969) found that the probability distribution of calcium fractions during dialysis can be seen. Whichever method was used for the ionized calcium measurement, the degree of reduction in ionized calcium and increase in protein-bound calcium with time of dialysis was found to be similar (Fig. 5 ).
An explanation for the decrease in ionized calcium and increase in protein-bound calcium could be an increase in protein-binding of calcium as a direct result of the decrease in hydrogen ion concentration. The extent to which ionized calcium was changed by the change in pH during dialysis was calculated from the data obtained in vitro described earlier. Fig. 6 illustrates the change in protein-bound calcium between the beginning and end of dialysis for eleven patients, compared with the predicted change in protein-bound calcium.
As a result of dialysis a patient will tend to lose water to a variable extent, thus concentrating the serum proteins. In order to have a measure of protein-bound calcium which is independent of such effects, protein-bound calcium has been expressed as mmol/g of albumin. By plotting the difference between the mean protein-bound calcium fraction and the mean ionized calcium fraction against time of dialysis, the re- a.
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Total calcium of hyperparathyroidism developing became greater the longer a patient was undergoing dialysis sessions, despite a well-controlled acid-base status.
Of the eleven patients studied, eight showed decreases in ionized calcium, one patient showed no change and two showed increases in ionized calcium.
All eleven patients showed increases in total calcium. Ionized calcium fell gradually during dialysis for about 9 h, accompanied by a comparable increase in protein-bound calcium (Fig. 3) . After dialysis for 9 h the fall in ionized calcium ceased and the rate of increase in the protein-bound fraction became more. increase in the binding of calcium to protein. The reason for the increase in protein-binding of calcium during dialysis is not clear; however, one likely possibility is that dialysis modifies plasma proteins in some way, rendering them more capable of binding calcium, perhaps by removing a proteinbinding competitor. If such a process is occurring one might expect most of the competitor to be removed before the end of dialysis. Care, Sherwood, Potts & Aurbach (1966) and Sherwood, Mayer, Ramberg, Kronfield, Potts & Aurbach (1966) showed that ionized calcium is the primary means by which parathyroid hormone output is regulated. It seems reasonable to assume that a reduction in ionized calcium during dialysis would stimulate the parathyroid to produce parathyroid hormone, which may be one factor in the genesis of hyperparathyroidism and bone disease in chronic renal failure. The two patients whose ionized calcium rose during dialysis both had total calcium values above the normal range at the beginning of dialysis, and as dialysis proceeded their total calcium concentrations became even higher (Fig. 4) . Patient A.W. had undergone parathyroidectomy and was being treated with calcium supplements and vitamin D. The expected increases in protein-bound calcium were often far lower than the observed increases. The two patients who showed no change in proteinbound calcium after dialysis (G.H. and T.J.) were receiving 8 and 5 mg of warfarin respectively each day. It is known that warfarin binds to albumin; thus it may be that binding ofcalcium to albumin was prevented by the competitive binding of warfarin. No overall increase in the fraction in complex could be demonstrated, although fluctuations did occur in this fraction during dialysis. The conclusion must be drawn that ionized calcium concentrations are decreased at the end of dialysis mainly by an
